Multiplicative speckle noise which is inherently present in medical ultrasound images degrades the important clinical informations and badly affects the quality of the diagnosis. It is necessary to reduce the speckle noise to improve the visual quality of ultrasound images for better diagnoses. In this paper, a wavelet based method for despeckling of the ultrasound images is introduced where a local Wiener filter along with speckle reducing anisotropic diffusion (SRAD) filter are employed in a homomorphic framework. The signal variance in the local wiener filter is estimated from the output image of the SRAD filter. Since the size and shape of the locally adaptive window is an important issue in estimating the signal variance, nearly arbitrarily shaped windows are used for better performance. The experimental results using synthetically speckled ultrasound images show that the speckle noise is reduced to a great extent while preserving the important clinical information. In order to demonstrate the effectiveness of the proposed method, the method is compared with several other existing methods in terms of peak signal to noise ratio (PSNR), structural similarity index (SSIM), edge preservation index (β), and standard deviation to mean (S/M) ratio.
INTRODUCTION
Medical ultrasound images are usually contaminated with a kind of noise called speckle noise. The speckle noise degrades the quality of the medical ultrasound images significantly and therefore makes the discrimination of the fine details in the images for medical diagnostic examinations very difficult. It is necessary to reduce the speckle noise from the medical ultrasound images while preserving the important features in order to improve the visual quality for better diagnoses. Several methods have been proposed in the literature for reducing speckle noise from medical ultrasound images. The conventional methods described in [10] , [5] and [9] often oversmooths the important details while reducing the speckle noise. The adaptive weighted median filter (AWMF) proposed by Loupas et al. [11] also reduces speckle noise but the edges in the images also gets blurred in the process. In homomorphic wiener filtering framework discussed in [8] , logarithmic transformation is used before the Wiener filter, in order to obtain a approximately speckle noise free image. Over the past few years, 2D discrete wavelet transforms (DWT) have been popularly used for medical image denoising. Pizurica et al. [14] used a shrinkage function in order to obtain the noise free wavelet coefficients of the medical ultrasound image. Many denoising algorithms in homomorphic framework have been proposed. Achim et al. [1] proposed a wavelet based method to estimate the noise free coefficients using a Bayesian estimator that employs the alpha-stable pdf. The authors in [17] combined homomorphic filtering principle along with elliptical thresholding concept in complex discrete wavelet transform domain. The authors in [7] employed a maximum a posteriori (MAP) estimator in wavelet domain to estimate the noise free coefficients. The authors used Rayleigh statistical distribution to model the magnitude of speckle in the log domain and Gaussian distribution to model the wavelet coefficients of log transformed reflectivity of medical ultrasound images.
Few wavelet based noise filtering schemes often requires the estimation of signal variance in wavelet domain. Various methods are reported such as [2] and [4] where the signal variance is estimated using noisy neighborhood with square shaped windows. In [16] the authors proposed a concept of doubly local Wiener filtering algorithm to suppress additive white Gaussian noise where directional windows are used to estimate the signal variance. The authors, in their work used a pilot image which is a denoised image obtained by the first local wiener filter with directional window to estimate the signal variance. The estimated signal variance is used in the second local wiener filter which is applied to the noisy image. In this paper, a algorithm is proposed which uses both SRAD and wavelet domain local Wiener filtering to reduce speckle noise from ultrasound images in homomorphic framework. In wavelet domain local Wiener filtering, the quality of the signal variance estimation is highly important. Therefore, we use efficient SRAD filter [20] output as the pilot image to estimate the signal variance. The SRAD is a spatial filter which performs well both at the edges and homogeneous regions in speckled images. Hence the quality of the estimated signal variance is much better and the local wiener filter performs well to reduce the speckle from the ultrasound image. The paper is organized as follows. In section II the review of SRAD filter and the arbitrarily shaped window based local wiener filter is presented. In section III the proposed algorithm is demonstrated. Then in section IV the results of our method is compared with some other methods of denoising. At last the conclusion is given in section V.
BRIEF OVERVIEW ON SPECKLE REDUCING ANISOTROPIC DIFFUSION (SRAD) AND LOCAL WIENER FILTER
For speckle reduction, Yu and Acton [20] proposed an improved approach of anisotropic diffusion concept proposed by Perona and Malik [13] . The partial derivative equations is given by [20] ,
where I 0 (x, y) is the intensity image having finite power and no zero values over the image, t is the diffusion time, δω denotes the border of ω, − → f is the outer normal to δω given by [20] ,
) where q(x,y;t) represents the instantaneous coefficient of variation at position (x,y) which is given by [20] ,
and q 0 (t) is the scale factor of speckle and for ultrasonic images it is given by [20] ,
where ψ is a constant and q 0 is the speckle coefficient of variation in the input image.
The SRAD algorithm has shown very good results in the literature and exhibits excellent performance in terms of smoothing homogeneous regions and preserving edges compared to conventional anisotropic diffusion, Lee and frost filter.
Local Wiener filtering using arbitrary shaped windows
Michak et al. [12] proposed a locally adaptive window based maximum likelihood (LAWML) estimate for signal variance estimation. It is a low-complexity, but powerful method, which shows the dependency of the local wavelet coefficients within each scale. A wavelet domain noisy image can be modeled as,
where z is the noisy image wavelet coefficients, s are the original image coefficients in wavelet domain and n is assumed to be an independent and identically distributed white Gaussian noise with zero mean and varianceσ 2 n . To estimate s from noisy coefficients z, the minimum mean square estimator of s(m) is given by [12] ,
whereσ 2 m is the signal variance. The signal variance estimator used in LAWML method is given by [12] ,
where W is the number of coefficients in the local window. It is to be noted that the performance of the (7) depends highly on the quality of variance estimation. The LAWML focuses only on a fixed window size for the noisy neighborhood. K. Eom and Y.S. Kim developed a wavelet based denoising scheme with nearly arbitrarily shaped windows [3] . Fig.1 shows various types of arbitrarily shaped windows. They assumed g m,0 , ..g m,P −1 to be the arbitrarily shaped windows. The signal variance for each wavelet coefficient is calculated using these arbitrarily shaped windows until the homogeneity of the variance is achieved. The measure of homogeneity is defined as the normalized difference of variances, that is [3] ,
where σ 2 m,p is the local variance of the region g m,p which is approximately calculated by [3] (11) where 'th' is the theshold which is defined as [3] 
where, λ is a scaling constant which was taken as 0.1, k = 0 for finest scale and k = K for coarsest scale of the wavelet decomposition.Then the signal variance estimation is [3]
Employing (7) with the above estimated signal variance, image denoising can be achieved.
THE PROPOSED METHOD

The frame work:
The speckle noise in the medical ultrasound image can be modeled as [8] ,
where, l(m) is the clean image, r(m) is the noisy image and η m and η a are the multiplicative and additive noise respectively. The additive noise can be neglected as the effect of this noise is small, i.e η a ≈ 0. Therefore the equation can be written as,
Logarithmic transformation is used to make this multiplicative noise into the additive one. i.e, log r(m) = log l(m) + log η m (16) η m is assumed to be additive white Gaussian noise in this paper. The standard noise suppression techniques can be used on this logarithmically transformed image in order to reduce speckle noise. A denoised image can be obtained after applying denoising scheme and by applying the inverse of logarithmic transform. This framework of denoising is known as homomorphic filtering.
The proposed algorithm:
In this work, we use local Wiener filtering based algorithm in the homomorphic framework for denoising of ultrasound images. Since the performance of the filtering highly depends on the quality of the signal variance estimation, the estimation is obtained using a pilot image which is a denoised output by SRAD filter and calculated using arbitrarily shaped windows. The block diagram for the proposed method is given in the Figure 2 and the algorithm is given below.
Step 1: The noisy image is processed with SRAD to get the pilot image. Step 2: The logarithmic transform of the pilot image is taken.
Step 3: Apply 2D discrete wavelet transform (DWT) on the pilot image.
Step 4: After decomposition the signal variance is estimated using arbitrarily shaped window and calculated using (17) .
There are 2 P −1 differently shaped windows as obtained in [3] .For the simplicity of computation we take nine such windows i.e P = 9.
Step 5: The logarithmic transform of the noisy image is taken.
Step 6: The discrete wavelet transform (DWT) of the log transformed noisy image taken.
Step 7: The noisy wavelet coefficients are modified using equ. (7) according to the local wiener filtering algorithm as discussed in section II. Here the signal variance estimatorσ 2 m is obtained from
Step 3.
Step 8: After local wiener filtering of the noisy coefficients inverse discrete wavelet transform (IDWT) is carried out.
Step 9: The "adjust mean" is carried out after 2D IDWT. Since in wavelet denoising algorithms, the noise reduction is carried out only in the detail subbands and the approximation subband is not subjected to any change. In such cases it is important to correct the biased mean in the approximation subband as proposed in [19] .This biased mean is introduced by the logarithmic transform and it is corrected by subtracting the mean value of the logarithmic transformed speckle from the output image of "IDWT".
Step 10: The inverse logarithmic transform is taken after the "mean adjust" and the denoised image is obtained.
EXPERIMENTAL RESULTS
To compare the performance of proposed method with other denoising schemes such as median filter, Gaussian average filter, homomorphic wiener filter, frost filter, AWMF, and SRAD we have used two ultrasound images, which are of thyroid and liver. Since original noise free images are not available, the images are first processed with state of the art GenLink [14] method. The denoising software is obtained from "http://telin.ugent.be/ sanja/". The resulting images are considered to be the noise free images. After getting the noise free images the images are synthetically speckled with different variances. For signal variance estimation the noisy images are first processed with SRAD filter. Different number of iterations is used for different noise variance which is given in the table no 1. The filtered image is considered as pilot image. The 2D DWT with five level decomposition is performed on the log transformed pilot image and the log transformed noisy image, with wavelet 'db8'. The signal variance is calculated from coefficients of the pilot image using arbitrarily shaped windows in which for simplicity of calculation we take nine varying shaped windows, i.e. P = 9. The proposed method is compared with other existing methods using the following metrics.
Noisy
(1) Peak signal to noise ratio (PSNR): The PSNR is calculated using the following standard expression :
Where,
Where I(x, y) andÎ(x, y) are the reference and filtered images respectively and X × Y is size of the image.
(2) Mean structural similarity index (MSSIM): The SSIM index [18] is a measure of similarity between two images and indicates perceived image quality. Higher the MSSIM between original and denoised image indicates better perceived image quality. For calculating the SSIM index, the matlab code, provided by the authors in their official website, is used. (3) Edge preservation index (β): It is a measure of edge preservation. For optimal edge preservation cases, β should be close to unity. It is defined as [1],
where I andÎ are the clean and denoised image respectively. ∆I and∆I are the high pass-filtered versions of I andÎ respectively, obtained with a 3 × 3 pixel standard approximation of the Laplacian operator, the over line operator indicates the mean value, and
(4) S/M ratio: It is a measure of speckle reduction performance [6] . (5) Coefficient of correlation (COC): It is a measure of noise suppression which is based on correlation [15] . It is defined as,
where I andÎ are the clean and denoised image respectively and the over line operator denotes the mean value, and
The simulated results are given in Table no . 2 and 3. In Figure 3 and Figure 4 , the output images obtained from various other existing methods and proposed method, for synthetically speckled Liver ultrasound image (variance=0.11) and synthetically speckled Thyroid ultrasound image (variance=0.11) respectively, is shown. From the tables it is observed that the proposed method outperforms all other methods in terms of PSNR, S/M ratio, SSIM and β for all the tested ultrasound images. The proposed method reduces the speckle noise very efficiently which is evident from the S/M ratio results and the edges are well preserved in the output images as compared to other schemes including SRAD filter which can be verified from the β values.
CONCLUSION
In this paper, a wavelet domain local Wiener filtering based algorithm in a homomorphic framework is proposed where the signal variance is calculated from the SRAD filter output. The proposed method takes the advantage of excellent despeckling capability of SRAD filter to improve the final despeckling performance of wavelet domain local Wiener filter. We have tested our method with five different synthetically speckled ultrasound images and with different noise variance. The experimental results show that the proposed method performs better than all other existing methods including SRAD filter in terms of PSNR, SSIM index, S/M ratio and β results. 
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